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Introduction

e Our Universe is mostly made out of matter instead of
anti-matter.

e CP Violation: particle behaves differently than anti-particles

e For the radiative decays B — Xsv and B — Xsy the CP

asymmetry defined as
M(B = Xsv) = T(B = X)
[(B — Xsv) + (B — Xs7)

Ax, =
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Introduction

The Leading power correction to the decay rate is given by,

[e.9]

= Z ,le ; Ck,n<ok,n>

n=0

The ¢ 5 are the Wilson Coefficients that can calculable from
perturbative QCD.

Ok,n are non perturbative HQET matrix elements measured,
e.g.,in

[P. Gambino, K. J Healey, S. Turczyk PLB 763, 60 (2016)]

These Matrix elements have the form

O,n ~ hiD*iDM2 _iD** (SMAT 1 o n(N)

D' = 9" + igh"? T2
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Introduction

e HQET matrix elements are important
- To calculate decay rates accurately
= A probe of new physics
- To analyze the data from Belle-1l experiment

T

Figure: Belle-Il experiment
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Introduction

e List of these matrix elements up to mass dimension 8 was
provided in
[Mannel, Turczyk, Uraltsev JHEP 1011, 109(2010)]

e In our work we provide:
[A. Gunawardana and G. Paz, JHEP 07(2017)137
[arXiv:1702.08904]]

- A general method for a systematic construction of these matrix
elements to any order of 1/M.

- Construction of matrix elements up to mass dimension 9

- Connection between the matrix elements and NRQCD/HQET
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CONSTRUCTION OF MATRIX ELEMENTS
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Definitions

e In the rest frame of Heavy quark v# = (1,0,0,0) .. v.v = 1.

AYESH GUNAWARDANA Wayne State University On HQET and NRQCD Operators of Mass Dimension 8 and Above 9



Definitions

e In the rest frame of Heavy quark v# = (1,0,0,0) .. v.v = 1.

o (=)o — ivaeaW,\s)‘
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Definitions

e In the rest frame of Heavy quark v# = (1,0,0,0) .. v.v = 1.
o (=)o — ivaea,w,\s)‘

e Matrix elements only depend on:
- V/J‘

- ghivi = Mk = ghili — yHiyHi: Parity even

- eMikibki: Parity odd
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Constraints on matrix elements
e From PT symmetry:

ex

(H|hiD* ... iDMnh|H) ‘= (H|hiD*t ... iDFh|H)*

(HIRiDM ... iDM s h[HY 2 —(H|RiDM ... iDFns*h|H)*.
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Constraints on matrix elements
e From PT symmetry:

ex

(H|hiD* ... iDMnh|H) ‘= (H|hiD*t ... iDFh|H)*

(HIRiDM ... iDM s h[HY 2 —(H|RiDM ... iDFns*h|H)*.

e Hermitian conjugation:

(HIhiD™ ... iD»(s*)h|H) = (H|hiD"" ... iD*(s*)h|H)*.
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Constraints on matrix elements
e From PT symmetry:

ex

(H|hiD* ... iDMnh|H) ‘= (H|hiD*t ... iDFh|H)*

(HIRiDM ... iDM s h[HY 2 —(H|RiDM ... iDFns*h|H)*.

e Hermitian conjugation:

(HIhiD™ ... iD»(s*)h|H) = (H|hiD"" ... iD*(s*)h|H)*.

e PT+ Hermitian Conjugation=- Inversion Symmetry

- Spin Independent : Symmetric under inversion of indices.

- Spin Dependent : Anti-symmetric under inversion of
indices
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Constraints on matrix elements

From PT symmetry:

PT

(H|hiD* ... iDMnh|H) ‘= (H|hiD*t ... iDFh|H)*

—

)
I3

(H|RiD™ ... iDF*s*h|H) = —(H|hiD" ... iD"s*h|H)*.

e Hermitian conjugation:

(HIhiD™ ... iD»(s*)h|H) = (H|hiD"" ... iD*(s*)h|H)*.

PT+ Hermitian Conjugation=- Inversion Symmetry
- Spin Independent : Symmetric under inversion of indices.

- Spin Dependent : Anti-symmetric under inversion of
indices

From HQET equation of Motion:
-iv-Dh=0,hiv-D=20
-v.s=0
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Possibility of multiple color structures

e The symmetric product of SU(3) color matrices
1
{Ta’ -,—b} — §53b + dabc TC

[ A. Kobach and S. Pal [arXiv:1704.00008]]
- 6?® = singlet part
- d*°T¢ = octet part

e Example:

- The symmetric product of color matrices in o E) T2E] T4
gives 2 operators
1. Y EIE[{T?, T*}e : generated by commutator and
anti-commutators of covarient derivatives
2. YVEIE[674 : generated by one-loop corrections to the
previous operator
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Spin Independent Matrix elements

e The spin independent matrix elements are invariant under parity.
e Dimension 3

1 _
——(H|hh|H) = 1.
sniy, (HIBHIH)
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Spin Independent Matrix elements

e The spin independent matrix elements are invariant under parity.
e Dimension 3

1 _
——(H|hh|H) = 1.
sniy, (HIBHIH)

e Dimension 4

1 _
Y75 _ . _
sy, (HIPiD" hlH) = 0 (. v - Dh = 0)
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Spin Independent Matrix elements

e The spin independent matrix elements are invariant under parity.
e Dimension 3

1 _
——(H|hh|H) = 1.
sniy, (HIBHIH)

e Dimension 4

h DM —0(-iv. _
2MH<H|hID h|H) =0 (. iv- Dh=0)
e Dimension 5

1

b DM D2 — B map2
2M[_[(H\th iD*2h|H) = a>'N
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Spin Independent Matrix elements

e The spin independent matrix elements are invariant under parity.
e Dimension 3

——(H|hh|H) =
sy, (HIBIH)

e Dimension 4

2,\1/, (H|R DM h{H) = 0 (- iv - Dh = 0)

e Dimension 5

1

H1 12 — (B)uipe
2MH<H\h:D iD*2h|H) = a>'N

e Dimension 6

o (H|h/D”1/D”2/D”3h|H) = 2O pmns b2
H
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Spin Independent Matrix elements

e Dimension 7

1 _
W(HMiD“ll'D“ZiD”3iD“4h|H> — ag72)|-|u1uz|-|u3u4 +a(173)|-|mu3|-|uzu4
H

—‘,—aﬁ)nMM MHens 4 b(7)|‘|/¢1ﬂ4 vH2 13

° ghecking the multiple color structures from
h{[iD", iD*i], [iD#*, iD*h} =
2 linearly independent combinations (ag) - ag‘)and b(7)
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Spin Independent Matrix elements

e Dimension 7
1

W(HMI'DMI'D“ZI-D”3I-D“4/7|H> — ag72)|-|u1uz|-|u3u4 +a(173)|-|mu3|-|uzu4
H

—‘,—aﬁ)nMM MHens 4 b(7)|‘|/¢1ﬂ4 vH2 13

° ghecking the multiple color structures from
h{[iD", iD*i], [iD#*, iD*h} =
2 linearly independent combinations (ag) - ag‘)and b(7)

e Each combination gives singlet and octet structures:
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Spin Independent Matrix elements

e Dimension 7
1

W(HMI'DMI'DMI-D”3I-D“4/7|H> — ag72)|-|u1uz|-|u3u4 +a(173)|-|mu3|-|uzu4
H

—‘,—aﬁ)nMM MHens 4 b(7)n#1u4 vH2 13

° ghecking the multiple color structures from
h{[iD", iD*i], [iD#*, iD*h} =
2 linearly independent combinations (ag) - ag‘)and b(7)

e Each combination gives singlet and octet structures:
- g*)1(B]B}, — EJE))T°T", g (BB}, — ESE[)5°"y

- U EIE| T To0, 20 ELEjy
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Spin Independent Matrix elements

e Dimension 8

ﬁ( H|hiD* iD"2iDF3 D" DM b H) = al&) (Marempsss yia 4 rrassrusss i) 4
a%) (MHH3 1205 sy [HSHaIHalL yhi2) 4 agg) (GRIE  EIVI s TEVEY TP
bg)ﬂ“lm MHats 13 4 bgi)ﬂ‘“““ MH2ks 13 4 bg?nmus MHaka 13 4

B rass 12 13 e

(Symmetric under inversion of indices)
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Spin Independent Matrix elements

e Dimension 8

1 —

T (H|h iDM iDH2iDH3 DM DV h| HY = ag) (R (ETTV T s TRV TP )
H

a%) (MHAksTIH2ps s g [IHsHSTIHaRL H2) | agi) QR IV, IV, TRV

bgg)nmm MHats 13 4 bgi)l_l‘“““ MH2ks 13 4 bg?l’l‘““f’ MHaka 13 4

B rass 12 13 e

(Symmetric under inversion of indices)

e Similarly checking the multiple color structure:
h{iD#m {[iD"i, iD"],[iD**, iD*]}}h = one combination
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Spin Independent Matrix elements

e Dimension 8

1 _

T (H|h iDM iDH2iDH3 DM DV h| HY = ag) (R (ETTV T s TRV TP )
H

ag) (MHH3 1205 sy [HSHaIHalL yhi2) 4 agi) (GRIE  EIVI s TEVEY TP

bgg)ﬂ‘“’” MHats 13 4 bgi)ﬂ‘“““ MH2ks 13 4 bg?l’l“l“f’ MHaka 13 4

B rass 12 13 e

(Symmetric under inversion of indices)

e Similarly checking the multiple color structure:
h{iD#m {[iD"i, iD"],[iD**, iD*]}}h = one combination

e Gives two operators:
- gsz{iDi7 EUkEz;Bl,;{ Tav Tb}}ﬂ% g2¢T{"Di7 EUkE:jB[l;éab}w
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Spin Dependent Matrix elements

e Spin Dependent matrix elements are parity odd
e Dimension 3
1

T —0( -y c—
2MH<H|hs h|H) =0 (. v.s =0)
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Spin Dependent Matrix elements

e Spin Dependent matrix elements are parity odd
e Dimension 3

2/\/1 ——(H|hs*h|H) =0 (" v.s = 0)

e Dimension 4

M ——(H|hiD"s*h|H) = 0 (- *1* : Parity even)
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Spin Dependent Matrix elements

Spin Dependent matrix elements are parity odd
Dimension 3

2/\/1 ——(H|hs*h|H) =0 (" v.s = 0)

Dimension 4

M ——(H|hiD"s*h|H) = 0 (- *1* : Parity even)

Dimension 5

B1 K2 A i5(5) cpHLp2A
2MH(H\h/D iDH2s*h|H) = i3%e Vp
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Spin Dependent Matrix elements

Spin Dependent matrix elements are parity odd
Dimension 3

2/\/1 ——(H|hs*h|H) =0 (" v.s = 0)

Dimension 4

M ——(H|hiD"s*h|H) = 0 (- *1* : Parity even)

Dimension 5

B1 K2 A i5(5) cpHLp2A
2MH(H\h/D iDH2s*h|H) = i3%e Vp

Dimension 6

B[ pH2 [ D3 A ;5(0) 12 cpr1p3A
2MH<H|h/D iDH2[DH3s™h|H) = vH2e vy
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Spin Dependent Matrix elements

e Dimension 7

1 _
sap (HIR D! DDt iDM4 s h|H) =
H

5(7) [ qpanz ppspar Ha3 pH2p A =(7) (Fpaps pp2pa) Hap2 pH3pIN
iy (M € v, — I € Vo) +ids (N € v, — I € Vp

+ ,'ggz)nmm ePH2H3A v, + i5§73) MH2k3 Eﬂ#luu\vp + b ym2ms 69#1#4)\\,1)7

(Anti Symmetric under inversion of indices)
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Spin Dependent Matrix elements

e Dimension 7

1 _
sap (HIR D! DDt iDM4 s h|H) =
H

5(7) [ qpanz ppspar Ha3 pH2p A =(7) (Fpaps pp2pa) Hap2 pH3pIN
iy (M € v, — I € Vo) +ids (N € v, — I € Vp

+ ,'gg?nmﬁm ePH2H3A v, + ,'5%) MH2k3 Eﬂ#luu\vp + b ym2ms ep’“”“)‘vp,

(Anti Symmetric under inversion of indices)

e Checking the multiple color structure:
h{[iD"i, iD#], [iD**, iD*]}h = All the combinations vanish.

AYESH GUNAWARDANA Wayne State University On HQET and NRQCD Operators of Mass Dimension 8 and Above 16



Spin Dependent Matrix elements

e Dimension 8

2/\1/, (H|h iDH1iD#2iDF3 jDH4 iDHs s h| HY =

,-gg) (anumzﬁpums«\v _ H3[Heks cpr2iIN ) + ,2(3) (vua nuwaepuwskvﬂ _ ks nusuzepmuﬂvp) +
+ ,a(g)vua nHIﬂSGPNZP‘l)‘V + :ag ) h3 |'|H2u4eﬂmu5/\v +
+ Ib(g) (Vuz nuwsspmusAvp Y nusuzepuzul/\vp) + i[)ﬁ) (Vuz I'I”l“"e"“3“5’\v,, _ le—lusuzﬁpuam)\vp) +
+ Ib(g) (vuz nuwsepmuuvp _ M kS Pt |, ) + ,b( ) (v‘” nusmewlusz\vp _ yHa[IH3H2 PRSI p) +
+ :b( ) (vuz [Hstis gpipady _ aiismn gpisiiad, > n ’b1(15) (V,uz [THaks PNy |\ i Tpiabs gplisiish p) T

+ j&®) yray pa pa gprpsA v
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Spin Dependent Matrix elements

e Dimension 8

2/\1/, (H|h iDH1iD#2iDF3 jDH4 iDHs s h| HY =

,-5(8) (anumzﬁpums«\v _ H3[Heks cpr2iIN ) + ,3(3) (Vua nuwaepuwskvﬂ _ ks nusuzemmuﬂvp) +
+ ,a(a)vua nHIﬂSEPMZI“)‘V + :ag ) h3 |'|H2u4eﬂulu5/\v +
+ Ib(g) (Vuz nuwstmusAvp _ HaIEsHE P2, ) + ,b(g) (Vuz n#1#4€pﬂ3l‘5/\vp _ yHaIHsH2 P, ) +
+ Ib(g) (Vuz nuwsepmuuvp _ M kS Pt |, ) + ,b( ) (v“z nuameﬂulusz\vp _ yHa[IH3H2 PRSI p) +
+ :b( ) (vuz [Hstis gpipady _ aiismn gpisiiad, ) n :b1(15) (V,uz [THaks PNy |\ i Tpiabs gplisiish p) T

+ j&®) yray pa pa gprpsA v

o Checking the multiple color structure:
h{[iD", iD"], [iD**, [iD*", iD¥=]}h = 6 linearly independent
combinations
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Spin Dependent Matrix elements

e Dimension 8

2/\1/, (H|h iDH1iD#2iDF3 jDH4 iDHs s h| HY =

,-5(8) (anumzﬁpums«\v _ H3[Heks cpr2iIN ) + ,3(3) (Vua nuwaepuwskvﬂ _ ks nusuzemmuﬂvp) +
+ ,a(a)vua nHIﬂSEPMZI“)‘V + :ag ) h3 |'|H2u4eﬂulu5/\v +
+ Ib(g) (Vuz nuwstmusAvp _ HaIEsHE P2, ) + ,b(g) (Vuz n#1#4€pﬂ3l‘5/\vp _ yHaIHsH2 P, ) +
+ Ib(g) (Vuz nuwsepmuuvp _ M kS Pt |, ) + ,b( ) (v“z nuameﬂulusz\vp _ yHa[IH3H2 PRSI p) +
+ :b( ) (vuz [Hstis gpipady _ aiismn gpisiiad, ) n :b1(15) (V,uz [THaks PNy |\ i Tpiabs gplisiish p) T

+ j&®) yray pa pa gprpsA v

o Checking the multiple color structure:
h{[iD", iD"], [iD**, [iD*", iD¥=]}h = 6 linearly independent
combinations

« Results agree with

- [Mannel, Turczyk, Uraltsev JHEP 1011, 109(2010)]
- [ A. Kobach and S. Pal [arXiv:1704.00008]]
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New Results
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New Result: Dimension 9 HQET matrix element

5 \ S (HIRiD*iDriD*i DD i D h| H) = I e 1 e 1 G
H

+(112735 (00 VS s CETEhy RV s (R T ) +(l(192),36 (G0 CEYED s CET0 ) (CULINS s (EURS (273 ) (ETp
+(,(1%)725 TIM1HsTTH2Hs [THatte | (1(193?26 (TT#sTTHebo [T#atts 4 T[Habs [THans T Hak0 ) |

+(lﬁ)_25 [IHHATH2Hs TTHaRE | (1(1?26 (IT#1#aTH2Ho T Haks |- T[#1K5 [[H2Ra[THSHS ) 4

+a{ g IwsTaneTuoke 4 o), Tiurse[[uans]Inans 4 o), [THsse[[Haka]Thaks

+(116725 TIHaHoTTHHs [THs ke | b(192,36 (T2 T30 15 | TTFHSTTHSHS iz s ) 4

+b§92>'46 (TTHaFaT[HakE oS o TTRIEST TSRO B2y fa ) b<192%56 I Bl B laae e Vs B

+b§?26 (TIarsT[Hake ylagks | TIMIHSTTHabGyH2He)

DD, TS e i 5 (T v s i . T s i )

0, O s 49, oo s

b16 5 (Hulusnuzus pHaHs + TIH1HG TTHaHS 4,2 l,‘“g) +

5 5 9
b16 o4 ( Hike HHZHA l'.HS Z,"u” H1p6 TTH3HS zr“Q L.HA) b(16)25 ] HH2H5 ZV.HS l'.#4
9 5 5
b§6>34 H1HETTH3HA 4,12 9 K5 C(9> HLHG 3)12 9,13 4,14 0,15
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New Result:Dimension 8 HQET/NRQCD Lagrangian

ra, D? {D'\,E D? D' E' D' D, [D}, EY
gt = gl ZADEN o IDUDLEY | 00D, 2]

(D', 7 EiBE {T°, T*}} n iemgz{D"aF"J"'EﬁBf 5}
204 = M4
Dio-(Dx E—Ex D)D' ks DI[D!, B D
M1 A4
Ao BT [DVBYTY | a0 BulD L
2M4 ! M4
BT D o - BT} 2 E,[D',o-B|,
203 g M
(BT [D' o - E],T"} +C\,%ngf.[D‘=ﬂ"E]u
2M4 - M4
ABT [0 D BYTY | Bilo D B,
PRYE RIS M2
2{BiT" o - D, BT} Bilo-D,E],
2MH4 M4
QEijkG'iEg [Dy. E"']b {Ts, Tb} N zfifka"Ei Dy, E’“],,
N +Cx126 9 -
(B [f,: B et B DX ,:3; ExDY] . B (Dx ,;3; B x D]

,lo- B, {D" E LB {D\o-E Ei {c-D. B
+ f?xm.ff[ ,,'{1,4 J + C.‘(IT.‘Iz[ { T il +(3x1392%}¢

+itx4a g

+icxsy + itxey

+Cxta g

+ Cxg8a g + Casp

+ Cx90 9

+ Cx100 9

2
+ Cx116

+ Cx11a 9

+Cx120 9

; 2
+icx13g
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New Results: Moments of shape function

e The leading order shape function:

Stwci) = [ oS L B Aen)S(20)S(0)AOIB()

e The moments of leading order shape function

[de(w):l, /dwwS(w):O, /dwsz(w):7a(5):f)q/3,
/dwwaS(w) =—a® = —p,/3, /dww" S(w) = aﬁ) - a&? +(Lﬁ) — b7 = m, /5 —my/3,
[ i 56) = 20 + 202+ 202 + 5 4 157+ — 9 =
= (=81 +2ry + 2r3 + 2ry + 15 + 16 + 17) /15,
f duous® () = ~as — 2055 — 20T — g — 205 — s — 2085 — @l — oy
_‘Zi?,),m — “@,25 + QbE),:;e; il 26(1?2),/16 + bggz%mi #+ 265?1),26 i bg?au & Qbﬁ);zs o bﬁ),‘dﬁ

9 9 ) 9 9 g
+b55),26 55 2b(1€i),23 + 2b§6),24 b b(l(i).25 it bge’,u e C(J)'
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Summary

e Higher dimensional HQET matrix elements are important for
inclusive B decays.

e Presented a new method for systematic construction of these
matrix elements.

e We present the tensor decomposition of spin independent
matrix element at mass dimension 9

e Possibility of extra color structures was pointed out in
[ A. Kobach and S. Pal [arXiv:1704.00008]]
Incorporated into our method in the updated version of
[A. Gunawardana and G. Paz, arXiv:1702.08904[hep-ph]]
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Summary

e Applications:
v Calculation of the moments of Leading order shape function.

v" HQET/NRQCD Lagrangian at mass dimension 8

e Future Work:
- Estimation of CP asymmetry for radiative B decays.
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THANK YOU
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BACKUP SLIDES
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e CP asymmetry(experimental)= 0.015 + 0.02
o B(B = Xs7) (E, > 1.6 GeV) = (3.36 4 0.16) x 10~

[Heavy Flavor Averaging Group (2016)]

e B(B— Xs7) (E; > 1.6GeV) =3.15+£0.23 x 1074

[Misiak et al]
SM _ +0.15 +0.19\0
o AXS'Y = (0.447 15 £0.03"559)%
° Axsﬁ{ = f(1.2 + 2.8)% [Y. Amhis et al.[HFAG], arXiv:1207.1158[hep-ex]]
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